Physical cleaning techniques are of great concern to remove particulate contamination because of their low environmental impact. One of the promising candidates is based on water jets that often involve fission into droplet fragments. Particle removal is believed to be achieved by droplet-impact-induced wall shear flow. Here, we simulate high-speed droplet impact on a dry/wet rigid wall to investigate wall shear flow as well as water hammer after the impact. The problem is modeled by the axisymmetric compressible Navier-Stokes equations and solved by a finite volume method that can capture both shocks and material interface. As an example, we consider the impact of a spherical water droplet (200 µm in diameter) at velocity from 30 to 50 m/s against a dry/wet rigid wall. In our simulation, we can reproduce both acoustic and hydrodynamic events. In the dry wall case, the strong wall shear appears near the moving contact line at the wetted surface. On the other hand, once the wall is covered with the liquid film, the wall shear stress gets weaker as the film thickness increases; the similar trend holds for the water-hammer shock loading at the wall. According to the simulated base flow, we compute hydrodynamic force acting on small particles that are assumed to be attached at the wall, in a one-way-coupling manner. The hydrodynamic force acting on the particles is estimated under Stokes' assumption and compared to particle adhesion of van der Waals type, enabling us to derive a simple criterion of the particle removal.
I. INTRODUCTION
Particulate contamination is one of the major issues in semiconductor manufacturing because it is directly related to yielding loss. The target contamination is becoming smaller (sub-micron or even smaller) as the semiconductor devices become further miniaturized. 1 In this situation, efficient cleaning based on physical force is favorable, rather than (time-consuming) static chemical immersion. 2, 3 In physical cleaning based on hydrodynamic force, interaction between wall shear flow and adhered particles is believed to play an essential role. 4 Particle removal under simple shear flow of liquid or gas has previously been studied experimentally and analytically. [5] [6] [7] [8] The mechanism of the particle removal can be classified into rolling, sliding, and lifting (see Fig. 1 ).
These previous studies suggest that the rolling mechanism arising from the torque induced by the hydrodynamic drag plays a dominant role in the particle removal and the rotatory motion of particles are also visualized by an image processing. 9 In this sense, when it comes to facilitating the cleaning efficiency, it is essential to generate steep velocity gradients around attached particles.
One of the promising methods is based on water jets that often involve fission into droplet fragments and collide with target surfaces. [10] [11] [12] The jet-based cleaning method has already become popular in precision processing and its performance improvement is one of the overarching goals.
The impact of water droplets against solid walls has been studied experimentally in wide parameter space; the impact velocity ranges from 10 −1 m/s to 10 2 m/s and the droplet diameter varies between 10 −5 m and 10 −2 m. 13 To optimize the particle removal efficiency (PRE) of the jet-based cleaning, one can use monodisperse splay of micron-sized droplet train. 3, [13] [14] [15] [16] To evaluate the PRE, previous researchers usually compared the number of contaminant particles between pre-and postcleaned silicon wafers. 3, 16, 17 However, this evaluation is insufficient to identify the mechanism of the particle removal. With regard to the study of the droplet impact against a rigid wall, large variety of acoustic and hydrodynamic phenomena have been investigated (e.g., water hammer [18] [19] [20] [21] [22] , cavitation [23] [24] [25] , splashing [26] [27] [28] [29] [30] [31] [32] , side jetting 21, 33, 34 and rim instability 35, 36 ). However, it is challenging to experimentally measure the wall shear flow development and visualize the particle removal. In this context, numerical approach will be an important tool to quantify the near-wall flow profiles and the shear-induced particle removal. There are some numerical studies about shear-induced particle removal in incompressible laminar flow 37 , incompressible turbulent flow 38 , compressible air jet 39 and bubble collapse near a wall. 40 However, to our knowledge, wall shear flow formation during the droplet impact has not yet been simulated. Furthermore, to promote the efficiency of liquid jet cleaning, higher impact velocity is favored but may give rise to erosion of the cleaning surface due to water-hammer shock loading from the impact. Hence, to study both cleaning and erosion effects of high-speed droplet impact, both viscosity and compressibility of the fluids need to be accounted for.
In the present work, we solve compressible Navier-Stokes equations to study both acoustic and hydrodynamic phenomena in high-speed droplet impact problems. We simulate the impact of a spherical droplet (200 µm in diameter) against a dry/wet rigid wall in order to evaluate waterhammer shock loading and wall shear flow after the impact as illustrated in Fig. 1 . Attached spherical particles of our concern are assumed too small (10 nm in diameter) to disturb the fluid flow, enabling us to evaluate the particle removal in one-way-coupling manner; we judge the removal from a comparison between the particle adhesion and the hydrodynamic force obtained from the droplet impact simulation. Hence, the main contribution of this paper is to provide comprehensive discussion on the role of high-speed droplet impact in both cleaning and erosion.
This paper is organized as follows. Our model for high-speed droplet impact and particle removal is described in Section II and the simulation method we use is verified in Section III. In Section IV, we perform the droplet impact simulation with varying the impact velocity (30 to 50 m/s) and the water film thickness (up to 200 µm). In particular, we examine the evolution of the wall shear stress to derive the particle removal criterion in the one-way-coupling method. This paper is closed with the conclusions in Section V.
II. PHYSICAL MODEL

A. Problem description
Our study is based on one-way coupling from fluid flow simulation to particle removal evaluation as follows: 1. High-speed droplet impact is simulated, accounting for both compressibility and viscosity, to obtain the evolution of wall shear stress.
2. The simulated wall shear stress can directly be related to the hydrodynamic force acting on attached particles and compared with particle adhesion force of van der Waals type.
The initial configuration of a water droplet (of diameter D) impinging against a rigid wall (z = 0) covered with a water film (of thickness l), together with the computational domain, is illustrated in Fig. 2 . Even though deformation of the liquid film will be caused by compression waves from the moving droplet (prior to the direct impact) 41 , we introduced the idealized initial condition, for the problem to be simpler, where the spherical droplet is set into collision against the flat free surface. In this case, the flow becomes axisymmetric so that z denotes the axis of symmetry. Cleaning surfaces are originally dry (before liquid jet cleaning); we may say that the phenomena just after the cleaning process starts are represented by the dry case (l = 0). On the contrary, during the cleaning process, the cleaning surface becomes wet; we model it as a rigid wall covered with a water film of uniform thickness l. In both cases, fluids in the computational domain are initially (t = 0) set at standard temperature and pressure (STP; 20
• C and 1 atm). Since we are interested in particle removal by liquid shear flow, we do not consider that by capillary force.
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The droplet is set into motion normal to the wall at three different speeds V i (30, 40 , 50 m/s).
As an example, we set the droplet diameter D at 200 µm, which may be a representative value in previous experiments and simulations. 13, 21, 44, 45 The Reynolds number for the droplet is based on the water properties (see Table I ):
For the cases of V i = 30, 40, and 50 m/s, Re D are calculated as 6000, 8000, and 10000, respectively.
The (dimensionless) film thickness, l/D, ranges from 0 to 1.
Spherical particles of very small size are assumed to adhere to the wall (z = 0); the particles are assumed too small to disturb fluid flow. In our study, the particle diameter d is set at 10 nm as a representative particle size in silicon wafer cleaning. The particle adhesion is assumed to originate dominantly from van der Waals force. The hydrodynamic force (Section II D) acting on the particles is calculated given the simulated wall shear flow and compared to the particle adhesion, which allows for deriving the particle removal criterion.
B. Governing equations for the fluid flow
To model the flow of our concern, there is a need to consider both compressibility and viscosity of water (and the ambient air). Hence, we solve Navier-Stokes equations for compressible flow consisting of gas and liquid components (with no phase change) in five-equation formulation. 46, 47 Even though interfaces separating the two components are physically discontinuous in the sense of continuum mechanics, interface smearing is introduced in the simulation. Conceptually speaking, the mixture of the two components appears in numerically diffused interfaces. Here, mass conservation (Eqs. (2-a) and (2-b)) is treated for gas and liquid components separately, while momentum and energy conservation (Eqs. (2-c), (2-d) and (2-e)) is formulated for the mixture. The numerically diffused interfaces are represented by void fraction and advected by Eq. (2-f). Now that the problem is axisymmetric, we solve the equations in two dimensions with source terms that arise from the axisymmetric geometry 48 .
Here, α i is the volume fraction of component i where i = G and L stand, respectively, for the gas phase (air) and liquid phase (water), ρ i is the density of component i, ρ is the mixture density (to be defined by Eq. (8)), u z and u r are the axial and radial velocity, respectively, ∇ · u is the divergence of the velocity vector field ((∂u z /∂z) + (∂u r /∂r)), p is thermodynamic pressure, E is total energy (per unit volume), and T µ is the viscous stress tensor whose components are given by
where µ is the mixture viscosity (to be defined by Eq. (9)). In the above formulation, bulk viscosity is neglected according to Stokes' hypothesis, for our main target is to evaluate wall shear generation associated with the high-speed droplet impact. Thermodynamic pressure, p, is given by the stiffened gas equations of state
where γ and P ∞ are thermodynamic constants for the mixture and calculated according to the mixture rule (see below). Equation (6) can model perfect gases by setting γ = 1.4 (the ratio of specific heats for air) and P ∞ = 0. In the five-equation model, we need to introduce the following mixture rule to define quantities in the mixture:
Finally, we introduce the assumption of constant thermodynamic properties (µ i , γ i , and P ∞,i )
in our simulation models, even though these are temperature-dependent. Since wall shear stress calculations are important in this work, we need to consider whether the assumption of the constant properties (especially, water viscosity µ L ) holds. The temperature rise due to the water-hammer shock in our droplet impact problem is very small (less than 1 K) according to the previous study on shock Hugoniot compression. 49 The water temperature can also be increased by viscous dissipation within the wall shear flow after the droplet impact. In Appendix A, we evaluate the effect of the viscous dissipation and conclude that the temperature rise at the wall is at most 0.1 K. Thus, we may say that the assumption of the constant properties is reasonable in our droplet impact simulation.
C. Partial velocity slip model
To model the spreading of droplets over a dry solid wall, there is a need to permit velocity slip at the wall where the contact line is passing, leading to velocity and stress singularities. 50, 51 While the well-known slip models of Navier 52 and Maxwell 53 do not account for velocity components 
Liquid (water, i = L) 1.0 × 10 −3 1500 1000 6.6 0.343 normal to the wall and cannot remove the singularity issue, we adopt that more recently proposed by Thalakkottor and Mohseni 54 in the present study. In their model, velocity components normal and tangential to the wall are both accounted for and the velocity at the wall is given by
The slip length l s is determined by
where l s0 is the asymptotic value of l s , e c is the critical value, and e max is the principal strain rate of the maximum extension evaluated at the wall (z = 0),
The subscripts 1 and 2 correspond to + and − signs, respectively. For further details of the slip model, see Ref. 54 .
D. Criterion for particle removal
Given the velocity profile from the fluid flow computations (Section II B), one can in principle calculate hydrodynamic force and torque acting on spherical particles attached at the wall, in oneway-coupling fashion, under the assumption that the particles are too small to disturb the base flow. Under the small particle assumption, shear flow around the particles may be modeled as a linear profile and it enables us to approximate the (near-wall) velocity profile u r from wall shear
where the no-slip condition is applied at the wall (z = 0). Furthermore, provided that the flow around the particles is creeping, one can analytically obtain the hydrodynamic drag force F D (tangent to the wall) and the torque T D (see Fig. 3 ) from the Stokes' flow formulas 55 :
where d is the particle diameter. In the above expression, Re p denotes the particle Reynolds number
where U p (=u r | z=d/2 ) is the fluid velocity at the particle center (in the absence of the particle) and is estimated by Eq. (15). The particle Reynolds number we encountered in the simulation with particle diameter d = 10 nm is at most Re p = 0.02; such a small particle Reynolds number may allow us to validate the one-way-coupling computation of the hydrodynamic force and torque under Stokes' assumption. Thus, the estimation of the hydrodynamic force and torque from Eqs. (16) and (17) suffices in the sense of one-way-coupling computations.
Since volumetric force such as gravity is negligible for small particles of our target, the dominant adhesion force is of van der Waals type 56 ,
where A H is the Hamaker constant, H p is the particle-to-surface distance (set at 0.4 nm), a JKR is the contact radius that may be estimated by Johnson-Kendall-Roberts (JKR) theory. [56] [57] [58] [59] In calculating In deriving a particle removal criterion, we ignore contributions from volumetric force including inertia, for small particles of our target have large surface areas per unit volume and surface force is believed to be dominating. This means, under the assumption that the rolling mechanism plays a dominant role in particle removal (see Fig. 1 ), that we simply make a comparison between the hydrodynamic torque (F D (d/2)+T D ) and the adhesion-supported torque (F vdW a JKR ). Following the work of Busnaina et al. (2002) 6 , we introduce the ratio between the two rolling torques:
Namely, in this study, particle removal is achieved when R > 1. Substituting Eqs. (15) to (19) into Eq. (20), we can write this relation in terms of the wall shear stress:
In the one-way-coupling evaluation, the dimensionless number R is linearly proportional to the wall shear stress. This simple relation agrees with our intuition that particle removal is promoted by larger wall shear stress.
III. NUMERICAL MODEL A. Spatial discretization and temporal integration
The numerical method we use is based on the shock-interface capturing scheme proposed by 62 The time integration is handled by a third-order, total variation diminishing Runge-Kutta scheme with sufficiently small Courant-Friedichs-Lewy (CFL) (< 0.1) and diffusion numbers.
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B. Computational domain and boundary treatment
The computational grid with the initial configuration of the droplet and film location for the case of l/D = 0.5 is presented in Fig. 4 . Grid stretching across the film is applied in order to resolve the wall shear flow. Here, we show the grid whose resolution is 800 points across the film thickness, l/D = 0.5. For the cases of different film thickness, we use the same grid as in Fig. 4 .
Along the z axis of symmetry, we apply the reflecting boundary conditions (BCs) where the cell center is located at the origin (r = 0) in finite-volume fashion and the singularity is removed by integration over the origin. 64 Along the wall whose surface is represented by the cell center, we apply the velocity slip model that is introduced in section II C. The velocity gradient normal to the wall, which is necessary for evaluation of the wall shear stress τ wall = µ(∂u r /∂z)| z=0 , is calculated by a third-order one-sided difference. At the other boundaries, we apply nonreflecting BCs of Thompson type 65 .
C. Verification: Stokes' first problem
We numerically solve Stoke's first problem in Cartesian coordinates (x, y) in order to see whether boundary layer flow over the no-slip wall can be resolved by our model. In this case, we omit the geometric source terms from the Navier-Stokes equations (Eqs. coordinates and its spacing (∆x, ∆y) is uniform (∆x = ∆y for all grid points) but with CFL fixed at 0.3. Convergence analysis is performed with varying the grid size, for the purpose of selecting the grid resolution used in the droplet impact simulation.
Figure 5(a) shows the (dimensional) near-wall velocity profile (0 ≤ y ≤ 1 µm) at t = 2.6 µs, which is a representative time in the following droplet simulation. From the analytical solution with self-similarity (denoted by the solid line), the boundary layer thickness (at which the velocity is 99% of the free stream) is δ 99% = 6 µm, which is much larger than the contaminant particles' size of our target. As a result, the (near-wall) velocity profile is effectively linear. The numerical solutions with varying grid size ∆y are compared to the analytical solution, visually showing that the simulation result converges to the analytical one as the grid size decreases. Since the problem is self-similar, the velocity profile u * = u/U can be expressed in terms of single coordinate η =
is the kinematic viscosity of the liquid. In Fig. 5(b) , the velocity profile across the boundary layer thickness at t = 2.6 µs is displayed as a function of the normalized coordinate η. This shows that the velocity profile in the boundary layer flow can be captured, provided that the grid is sufficiently fine.
Given the simulated velocity profile in boundary layer flows, our ultimate goal is to evaluate velocity gradients at the wall (and the wall shear stress) for the particle removal judgement (see section II D). In Fig. 5(c) , computations of the (normalized) velocity gradient at different representative times in the droplet simulation are plotted as a function of grid size ∆y. We note that the solution convergence is the worst for the case of the earliest time at which the boundary layer thickness is the thinnest and the grid resolution is relatively coarse. However, provided that the grid is sufficiently fine, the solution convergence is reasonable even at the earliest time. In the droplet simulation, we choose the near-wall grid resolution at ∆z = 0.125 µm which is obtained by grid stretching as explained in section III B.
IV. RESULTS AND DISCUSSION
First of all, we present the big picture of the high-speed droplet impact simulations for the dry figures, frame (a) corresponds to the respective initial conditions. We note that the simulated waterhammer pressure (at the instant of the droplet impact against the wall) records a higher value than 
A. Acoustic stage of the impact dynamics: water-hammer shock loading
We first examine the impact-induced water hammer phenomenon that appears much faster than the subsequent hydrodynamic events. Just after the frame (a) in Figs. 6 to 8, the droplet collides with the solid wall and the liquid film interface, respectively, for the dry case (l = 0) and wet case (l > 0). This collision generates a water-hammer shock 66 . In the frame (b), the water-hammer shock is reflected at the solid wall, giving rise to a high pressure loading on the wall. In the frame (c), the shock propagates towards the distal side of the droplet interface and reflects as an expansion wave, leading to the formation of negative pressure inside the droplet, due to the acoustic impedance mismatch between air and water. The acoustic wave generated by the impact keeps reflecting at the droplet interface and being trapped within the droplet. These fluid transients have also been reported in the previous simulations. 18, 21, 24, 25 To clarify the role of the liquid film to damp the impact-induced shock loading on the wall, the maximum pressure at the wall (r, z) = ( The maximum pressure is normalized by that in the dry wall (p max (0) = 22 MPa). According to the work by Tatekura et al. (2018) , calculation of the water-hammer peak pressure that appears at the point contact of spherical droplet impact requires extremely high spatial/temporal resolutions. 67 In this study, we do not intend to resolve the water-hammer event with finer computational grids;
rather, we explore a trend in the decay rate of the maximum wall pressure as a function of the liquid film thickness. Figure 9 (a) plots the maximum wall pressure for the wet case (l > 0) only and shows that the maximum pressure decays as (l/D). In other words, the shock is generated initially by the point-like contact between the droplet and the liquid film and tends to propagate spherically, leading to the decay rate of (l/D) as predicted from the (far-field) linear acoustic theory. 66 When it comes to plotting the maximum wall pressure in the dry case (l = 0) in addition to the wet case (l > 0), the fitting to the linear acoustic theory for the far field is no longer valid, for the maximum wall pressure in the dry case results from the direct contact between the droplet and the wall and thus consists of the near-field contributions. To model the functional dependence of the maximum wall pressure on the film thickness (l ≥ 0), one may use the empirical formula proposed in the previous studies 22, 68 :
where a and b are fitting parameters. In this particular example, the simulation results for both the dry and wet cases are found to be well fitted to Eq. (22) with a = 4.5 and b = 0.5.
In the context of jet cleaning, a liquid film initially covered at cleaning surfaces will play an essential role in reducing the possibility of erosion due to the impact-induced water-hammer shock loading. However, as will be shown in the following section, the liquid film has an adverse effect when it comes to enhancing cleaning performance.
B. Hydrodynamic stage of the impact dynamics: side jetting
We next examine the hydrodynamic phenomena after the acoustic events; see frames (d) to (f) of
Figs. 6 to 8 where the formation of side jetting (of the water) can be confirmed. In the dry case, the side jet travels along the wall. 23, 25, 33 On the contrary, in the wet case, the jet direction turns away from the wall; the upward jet eventually forms a crown-like shape, accompanying the thinning of the liquid film inside the crown. It follows from a comparison between Figs. 7 and 8 that the crown bottom with the thinned liquid film tends to be augmented as the initial film thickness decreases.
In the dry case, one can introduce the following time scale T i to characterize (low-speed) droplet impact dynamics in the hydrodynamic stage 69 :
Approximately at time t = T i after droplet impact against dry walls, the droplet spreading over the wall is expected to have its maximal extent. After that (t > T i ), surface tension will come into play and the deformed droplet starts to bounce. Now that we are interested in the early-time impact events, we confine the overall simulation time up to t = T i ; the time scale is normalized by the characteristic time T i in Eq. (23). For reference, the values of T i is summarized in Table II . 
C. Hydrodynamic stage of the impact dynamics: shear flow formation
While the impinging droplet forms the side jetting flow, a thin shear layer appears in the radially spreading flow above the wall as seen in frame (d) To investigate the shear flow in details, we plot the evolution of near-wall radial velocity at r/D = 0.5 for the case of V i = 50 m/s in Fig. 10 (a) . In these plots, we numerically define boundary layer thickness δ = z k such that the minimum index k ∈ Z + for the z-direction grid points with z 0 = 0 (the wall surface) satisfies u r (z k ) ≤ 0.99u r (z k−1 ). The computed boundary layer thickness δ is overlaid on the radial velocity profiles in Fig. 10 (a) , showing that the velocity gradient gets less steep as time progresses. The temporal evolution of δ at different radial locations (where strong wall shear stress appears) is plotted in Fig. 10 (b) . With the Reynolds number Re D (Eq. (1)), we introduce the characteristic boundary layer thickness in droplet impact problems for the case of dry walls, which is shown to agree with experiments in the study of Ref. 70:
to normalize the z coordinate in these plots. The values of δ c in our study are summarized in Table   II . It turns out that the boundary layer thickness δ measured near the impact point tends to approach the characteristic value δ c , in the range of film thickness of our target, in our simulation time at which surface tension does not play an important role. We may say that the strong wall shear stress, which is essential for particle removal, will appear in the early stage of the hydrodynamic event. With the characteristic boundary layer thickness δ c , we can introduce the characteristic wall shear stress: 0.8
(D/p 0 )dp wall /dr 
whose values in our study are documented in Table II .
Next, we plot the spatiotemporal evolution of the wall shear stress τ wall (r, t; l/D) for V i = 50 m/s in the r-t diagram (see Fig. 11 ). We can clearly see (from the contour levels) that the presence of the liquid film at the wall has a significant impact on the wall shear stress and pressure generation.
In the dry case (l/D = 0), very large wall shear stress O(10τ c ) appears just after the passage of the moving contact line (immediately after the impact), but its magnitude decays as time progresses.
The water-hammer shock wave is generated just after the impact and the wave reflections within the deformed droplet are repeated; the pressure amplitude decays in both space and time. On the contrary, under the existence of the liquid film (l/D > 0), the peak values of the wall shear stress and pressure are both suppressed significantly. It is obvious that the suppression effect is emphasized by having the thicker film. In all the cases, the peak values of the wall shear stress appear in our simulation up to the characteristic time T i (Eq. (23)), as inferred from Fig. 11 where the steepest velocity gradients near the impact point appear soon after the impact. Even though it is obvious, we note that the wall shear stress vanishes exactly at the impact point (r = 0) about which the flow is axisymmetric; particle removal at r = 0 is never achieved by wall shear flow.
We take a more careful look at Fig. 11 does not occur and flow separation with negative wall shear stress is thus not observed in Fig.   11 (a-i).
The maximum wall shear stress encountered at each radial position is defined by 
D. Particle removal judgement
Given the fluid flow computation, we finally discuss, with the one-way-coupling manner (Section II D), the removal of spherical polystyrene particles attached at the wall of a quartz surface with their diameter d set at 10 nm. In Fig. 16 , the spatiotemporal evolution of the dimensionless parameter R that represents the ratio of hydrodynamic torque to adhesion-supported torque (see Eq. (21)) is plotted for different film thickness l/D and impact velocity V i . We judge particle removal when R > 1 under which the hydrodynamic torque acting on the attached particles defeat that supported by the adhesion force of van der Waals type. In these plots, the threshold value (R = 1) is depicted by solid lines. Obviously, wall shear stress is never generated at the impact point (r = 0) about which flow is symmetric, so that particles sitting at r = 0 are never removed by the hydrodynamic effects (R = 0); the threshold line (R = 1) never intersects the origin (r, t) = (0, 0). Once the spot of concern is swept with the threshold line, the particles are considered to be removed. Note that for the case of V i = 30 m/s (the lowest impact velocity) and l/D = 0.5, the value of R is smaller than unity in the entire space; we cannot obtain any particle removal in this case. Neglecting reattachment of the removed particles, we can define the particle removal area A (of annular shape) by
where R min and R max stand for the minimum and maximum radial positions of the threshold lines (R = 1), respectively (see Fig. 16 ). In Fig. 17 , we plot the computed values of A for different film thickness l/D and impact velocity V i . It is obvious that the cleaning performance becomes maximal (with the largest A) in the dry case l/D = 0 and lower (with smaller A) as the film thickness increases. As expected, the lower impact velocity also gives rise to the lower cleaning performance. So far, we have numerically examined the acoustics and hydrodynamics of highspeed droplet impact against dry/wet rigid walls and then evaluated the removal of small particles attached at the wall surface in the one-way coupling manner. In the context of droplet-impactbased cleaning, we can confirm, from these simulations, a trade-off relation between the cleaning performance enhancement and the erosion reduction. With the higher impact velocity and the thinner liquid film, the cleaning performance will be higher but the erosion will be more likely to occur. Technically, there is a need to explore the optimal cleaning conditions at which the cleaning is more efficient but less erosive. 
V. CONCLUSIONS
We numerically studied high-speed droplet impact against dry/wet rigid walls and discuss it in the context of particle removal. We simulate the high-speed impact of a spherical water droplet (200 µm in diameter) with varying the impact velocity (up to 50 m/s) and the thickness of a water film at the wall surface (up to the droplet diameter), based on the compressible Navier-Stokes equations that allow for reproducing both the acoustic and hydrodynamic phenomena. First, we studied the acoustic phenomena in the droplet-impact problem. The water-hammer pressure is found to be attenuated by having the thicker liquid film and its decay rate can be fitted empirically by an exponential function. Next, we studied the hydrodynamic phenomena including side jet formation and wall shear flow generation after the acoustic events. In the case of dry walls, the side jet forms in the lateral direction to the wall surface and very large wall shear stress appears just after the passage of the moving contact line. On the contrary, in the case of wet walls, the jet results in the formation of a crown-shape free surface. The wall shear stress is damped significantly under the existence of the liquid film; flow separation can be caused by flow deceleration in the crownshape liquid film, depending on the film thickness (relative to the droplet diameter). Finally, we considered the case of very small polystyrene particles (10 nm in diameter) attached at the wall of a quartz surface and evaluated with the one-way-coupling manner the particle removal from a balance of the adhesive force (of van der Waals type) and the hydrodynamic force (under the Stokes' approximation). As expected, the particle removal area is augmented by having larger impact velocity and thinner films. We may say that the present simulation approach is helpful when it comes to exploring the optimal cleaning conditions at which the performance of cleaning by the wall shear flow is maximal while the erosion caused by the water-hammer shock loading is minimal.
APPENDIX A: KINETIC ENERGY DISSIPATION
To estimate the water temperature rise in the wall shear flow induced by the droplet impact, we investigate the evolution of kinetic energy dissipation ϵ (with the assumption of constant µ L and µ G ): 
which can be computed by postprocessing the simulated velocity field. Since kinetic energy dissipation corresponds to the irreversible conversion of mechanical energy to thermal energy via the action of viscosity, it can be used to estimate temperature increase. Figure 18 illustrates the kinetic energy dissipation per unit mass during the droplet impingement (V i = 50 m/s, the highest speed in our problem setup) for dry and wet cases (l/D = 0.5) at the same time frame in Figures 6 and
(d)-(f)
. The kinetic energy dissipation inside the droplet is emphasized near the wall (and its crown-shape rim for the wet case) where the velocity gradient becomes steeper. We obtain the largest dissipation in the dry case in which the wall shear stress induced by the droplet impact is much larger than that in the wet cases. Hence, we consider the dry case at which the temperature rise is expected to be maximal. In this case, the maximal dissipation that appears at the wall is approximately at 10 8 J/(kg s) and its duration is about 4 µs. The local heat deposition is estimated as the product of these values and the temperature rise (i.e., its division by the specific heat capacity of the water) is predicted at O(0.1 K). Therefore, the temperature rise within the droplet is at most O(0.1 K) in our problem setup and has thus a negligible impact on values of the physical properties. 
